Abstract Recently, S.W. Kahler studied the solar energetic particle (SEP) event timescales associated with coronal mass ejections (CMEs) from spacecraft data analysis. They obtained different timescales of SEP events, such as T O, the onset time from CME launch to SEP onset, T R, the rise time from onset to half the peak intensity (0.5I p ), and T D, the duration of the SEP intensity above 0.5I p . In this work, we solve SEPs transport equation considering ICME shocks as energetic particle sources. With our modeling assumptions, our simulations show similar results to Kahler's spacecraft data analysis that the weighted average of T D increases with both CME speed and width. Besides, from our simulation results, we suggest T D is directly dependent on CME speed, but not dependent on CME width, which were not achieved from the observation data analysis.
adopted this model to study individual SEP events caused by CME shocks, their simulation results can fit well with spacecraft observations for different elements. On the other hand, considering that the interplanetary coronal mass ejection (ICME) shocks can continuously accelerate SEPs when propagating outward, Kallenrode & Wibberenz (1997) ; Kallenrode (2001) treated the ICME shock as a moving particle source. And the model was adopted in a numerical code 1 by Wang et al. (2012) to study ICME driven shock accelerated particles' transport in three dimensional solar wind and IMF including both parallel and perpendicular diffusion coefficients. Furthermore, under varying perpendicular diffusion and shock acceleration strength, Qin et al. (2013) reproduced the reservoir phenomenon with SPTC numerical simulations. In addition, with the same numerical modeling, researched the gradual SEP events spectra forcusing on the spatial and temporal invariance. Finally, compared the simulation results from SPTC with the multi-spacecraft (Helios 1, Helios 2, and I MP 8)
observations during a gradual SEP event, and they obtained the SPTC simulations which best fit the SEP event observed by spacecraft located in different space.
To investigate the relationship between SEP event properties with the associated CMEs, Ding et al.
(2014) studied the interaction of two CMEs erupted nearby during a large SEP event by multiple spacecraft observations with the graduated cylindrical shell model. And they obtained the solar particle release time and path length which indicated the necessary influence of the "twin-CME" (Li et al., 2012; Temmer et al., 2012) on the SEP event.
Because of the huge damage caused by SEPs, the study of peak intensities of SEPs becomes very important. Ding et al. (2015) presented the new observation results of peak intensity with Fe/O ratio, which indicate the role of seed population in extremely large SEPs. Reinard & Andrews (2006) studied the dependence of the occurrence and peak intensities of SEP events with CME properties thoroughly using databases of the LASCO/S OHO CMEs and the GOES E > 10 MeV protons. Besides peak intensities, timescales are another very important property of SEPs which could make contribution to both space weather forecasting and understanding of the SEP injection profiles and propagation characteristics.
In order to study the properties and associations of SEP events, Cane et al. (2010) compared SEPs with flares and CMEs of 280 solar proton events which extended above 25 MeV occurred from 1997 to 2006 by near-Earth spacecraft. They divided the events into 5 groups according to the ratios e/p and Fe/O at event onset. Their results suggested that SEP event occurrence and peak intensities are more likely to be associated with faster and wider CMEs, especially with western CME source regions. Furthermore, Pan et al. (2011) investigated SEP timescales, such as the SEP onset time, the SEP rise time, and the SEP duration. With an ice-cream cone model, Pan et al. (2011) studied LASCO/S OHO observation data of 95 CMEs associated with SEP events during 1998 − 2002, and came to conclusions that the SEP onset time has no significant correlation with the CME speed, nor with the CME width. They also suggested that the SEP rise time and the SEP duration have significantly positive correlations with the radial speed and angular width of the associated CMEs unless the events are not magnetically well connected to the Earth.
Kahler (2013) did a research on the relationship between the EPACT/Wind 20 MeV SEP events timescales and their associated CME speed and widths observed by LASCO/S OHO. In Kahler (2013) , 217 SEP events observed in a solar cycle during the period 1996-2008 were used. They defined the three characteristic times of the SEP events. The time from inferred CME launch at 1 R ⊙ to the time of the 20
MeV SEP onset at Wind was denoted as T O. The time from SEP onset to the time the intensity reached half of the peak value (0.5I p )was denoted as T R. And the time during which the intensity was above 0.5I p was denoted as T D. From their results, they found that CME speed and width were of significant correlation and it is not easy to interpret the contribution of CME speed and width to timescales separately. Therefore, they suggested that faster and wider CMEs which drive shocks and accelerate SEPs over longer times would thus produce the longer SEP timescales T R and T D.
In this paper, with the data used in the analysis of Kahler (2013) , we study the CME timescales by numerical simulations with the SPTC, and we compare our results with that of Kahler (2013) . In section 2, we present the model. In section 3, we present the data analysis. In section 4, we show our results. In section 5, we present the conclusions and discussion.
MODEL
We model the transport of SEPs by following previous research (e.g., Qin et al., 2006; Zhang et al., 2009 ). The three-dimensional focused transport equation is written as (Skilling, 1971; Schlickeiser, 2002; Qin et al., 2006; Zhang et al., 2009 )
where f (x, µ, p, t) is the gyrophase-averaged distribution function, x is the position in a non-rotating heliographic coordinate system, µ is the particle pitch-angle cosine, p is the particle momentum, v is the particle speed, t is the time, κ ⊥ and D µµ are the particle perpendicular and pitch-angle diffusion coefficients, re-
r is the solar wind velocity which is in the radial direction, and L = Here, the drift effects are neglected for lower-energy SEP transport in the inner heliosphere. Also the IMF is modeled with the Parker field.
By following Burger et al. (2008) , diffusion coefficients are determined. We set the perpendicular diffusion coefficient from the nonlinear guiding center (NLGC) theory (Matthaeus et al., 2003) approximated with the analytical form according to Shalchi et al. (2004 Shalchi et al. ( , 2010 ,
where l d is a parameter to control the value of the perpendicular diffusion coefficient. For simplicity, κ ⊥ is set to be independent of µ with the assumption that particle pitch-angle diffusion is much faster than perpendicular diffusion, but generally µ dependent perpendicular diffusion coefficient should be used (e.g., Qin & Shalchi, 2014b) .
The parallel particle mean free path (mfp) λ is written as (Jokipii, 1966; Hasselmann & Wibberenz, 1968; Earl, 1974) 
and parallel diffusion coefficient κ can be written as κ = vλ /3.
We follow Beeck & Wibberenz (1986) and Teufel & Schlickeiser (2003) to model the pitch angle diffusion coefficient
where G is a parameter to control the value of D µµ (µ), v is the particle speed, R L = pc/( |q | B 0 ) is the particle Larmor radius. Here, a larger value of h = 0.01 is chosen for non-linear effect of pitch angle diffusion at µ = 0 in the solar wind (Qin & Shalchi, 2009 , 2014a ).
To model the particle injection, the shock is treated as a moving SEP source with the boundary condition (Kallenrode & Wibberenz, 1997) :
where α and φ c are the shock acceleration strength parameters. We assume φ c as a constant, but α as a function of shock speed, e.g., we set
where v 0 = 500 km s −1 , v 1 = 750 km s −1 , and v 2 = 1500 km s −1 . φ(θ, ϕ) is the angle between source center and any point of particle injection (θ, ϕ). γ is the spectral index of source particles. In the simulations, we inject energetic particle shells with small space intervals ∆r. H(x) is the Heaviside step function, with φ s being the half angular width of the shock. A more detailed description of the shock model of our simulations can be referred to Wang et al. (2012) .
The transport equation (1) is solved by a time-backward Markov stochastic process method (Zhang, 1999) in the simulations. And the detailed description of the method can be referred to Qin et al. (2006) . As mentioned in section 1, our numerical code of transport of energetic particles with the CME driven shock as a moving particle source is denoted as Shock Particle Transport Code, i.e., SPTC.
DATA ANALYSIS
We investigate (Brueckner et al., 1995) . Of the total 217 SEPs during this period (Kahler, 2013) , we study 204 SEPs whose CME parameters are available. In addition, for each event,
the CME solar source is determined by flare location, and the speed (v CME ) and width (W CME ) of CME are obtained from Kahler (2013) .
Parameter Selection
For the grouping and selecting data, we follow the method suggested by Kahler (2013) dividing the 204 events into five longitude ranges with about 41 events each, and subdividing each longitude range into several groups sorted on v CME and W CME , respectively. The median values of longitude, v CME , and W shock in each group are used as the characteristic values.
From data analysis of spacecraft observations, it is not easy to identify SEP onset time accurately which is usually covered by the background of intensity. Therefore, in this work, we only focus on the variation of TD with v CME and W CME . To compare with the observation, we obtain the data analysis results of variation of TD with v CME and W CME from Kahler (2013) as shown in Table 1 . From Table 1 we can see, we study SEP events with source location longitude in three ranges, W33−W60, W62−W90, and W100−bWL,
with median values W48, W77, and W112, respectively. Note that bWL indicates sources behind the west limbs. In each range of longitude, T D is shown as varying with the median values of v CME and W CME by subdividing the range into several groups sorted on v CME and W CME , respectively. In order to study SEP timescales associated with CMEs, we use the SPTC described in Section 2 to simulate the transport of SEPs assuming the CME shock as a moving particle source and that the shock nose is in the flare direction relative to the solar center. In SPTC, the speed of shock, v s , and the width of shock, W s , are needed. While, in the spacecraft data analysis of Kahler (2013) the speed and width of CME are used instead. To compare the simulation results with the spacecraft data analysis, we need a model for relationship between v s and v CME , and that for relationship between W s and W CME . Firstly, we assume the speed of CME is the same as that of shock, v s = v CME . Secondly, since the width of shock (W s ) is larger than that of CME (W CME ),we set,
By testing several value of ∆W, we finally set ∆W = 90
• . It is noted that such kind of model for W s is only an approximation, and it could lead to the discrepancy between the observation and simulation results. So we need to use a better W s model in the future. Generally, the event source is near the solar equator, so the characteristic latitude of source location is set as 10
• north. Other important simulation parameters not varying are shown in Table 2 . 
here, v S W and v s are in the unit of km s −1 . We also divide the events into several groups sorted on v CME , and obtain the median values of v CME as the characteristic ones for each group. So we obtain the counterpart values v s and v S W through the assumption above. And we use the characteristic ones in the simulations shown in Table 3 . The Table 3 also shows the other input parameters in each simulation coming from the characteristic values of v CME , W CME and source location longitude picked up from Kahler (2013) shown in Table 1 .
Simulation Output
For each data point, 3200000 virtual particles are calculated in our simulations. In our simulations, we obtain the time profiles of SEPs with characteristic speed and width of CME, with which we can get the SEP timescale, T D. For example, in Figure 1 , we show simulation results of 20 MeV proton flux during an SEP event. In the simulation of Figure 1 , we set solar wind speed as 502.2 km s −1 , longitude as 48 degrees west, CME speed as 1600 km s −1 , CME width as 180 • , other parameters are shown in Table 2 . In Figure 1 , the dotted line indicates the peak intensity (I p ) of the event, and the dash-dotted line indicates the half peak intensity. T s and T e indicate the earliest and latest time when the intensity is half peak, respectively. So we can obtain T D = T e − T s from the time profile of intensity of simulation results.
From the results of the simulations we can also get the weighted averages as following. For example, in each range of shock speed and longitude, we have three ranges of shock width, so we have three values Further, we study the relationship between CME speed and CME width using the observation data in Kahler (2013) . We subdivide each longitude range into several groups sorted on CME width. We get average CME speed for each group. The results are shown in Figure 2 as the relationship between average of CME speed and the median value of CME width. The three data points in each longitude group of Figure 2 match those of the three CME width bins of Table 1 . The line indicates fitting of the data. It is found that in statistics the average CME width increases with the increasing of CME speed.
Fig. 2
Variations of CME speed as a function of CME width with different source location. The crosses indecate CME speed averages of the CME width ranges in the source location range of W33−W60, and the squares are that of W62−W90, the triangles are that of W100−bWL. The line indicates fitting of the data. The symbols are from observation data analysed by Kahler (2013) . Figure 3 shows SEP timescale T D vs. CME speed for 20 MeV SEP events detected at 1 AU with different source locations in different pannels. The top, middle and bottom panels show different longitudes of source locations, 48
RESULTS
• west, 77
• west, and 115
• west, respectively. The black squares indicate spacecraft observation data in Table 1 which are obtained from the data analysis of Kahler (2013) . The T D and CME speed for each data points correspond to those of Table 1 . The red triangles indicate the weighted average of simulations according to the distribution of number of events with different CME widths for any given CME speed interval obtained from the observation data in Kahler (2013) corresponding to the the abscissa of black squares. The red and black dashed lines indicate the linear fitting of the weighted average simulation results represented by the red triangles and that of the spacecraft observation data represented by the black squares, respectively. From Figure 3 we can see, the simulation results show the similar trend of observation data, that is, the SEP timescale TD increases with CME speed. according to the distribution of number of events with different CME speeds for any given CME width interval obtained from the observation data in Kahler (2013) corresponding to the abscissa of black squares.
Similarly as in Figure 3 , the red and black dashed lines indicate the linear fitting of the weighted average of simulation results and that of the spacecraft observation data, respectively. From Figure 4 we can see, generally, the simulation results show the similar trend of observation data but with less slope, that is, the SEP timescale TD increases with CME width. However, from top panel of Figure 4 (N10W48) it is shown that, the observation results shows the SEP timescale TD increases with CME width, but the simulation results shows constant for different CME width. It is noted that our simulations could show deviation from observations due to modeling and statistical problems. For further study on the contribution of CME speed and width to timescales separately, we plot the individual simulations and weighted average of simulation results as follows. • west, 77
• west, respectively. The yellow, green, and blue triangles indicate simulations with different CME widths corresponding to those of Table 1 . The each data point of the yellow line shows a individual simulation with a distinct CME speed but a common CME width 133
• and source location of N10W48, and so are the green and bule lines with other source location. Besides, the value of all data points are shown in Table 3 . The red triangles indicate the weighted average of simulations according to the distribution of number of events with different CME widths for any given CME speed interval obtained from the observation data in Kahler (2013) . From simulations of Figure 5 we can see, every single colored line increases, that is to say, for the same CME width, T D generally increases with the increasing of CME speed, and the weighted average of T D from simulations also generally increases with the increasing of CME speed. From the other aspect, the colored lines and symbols are almost overlap, from triangles with a common abscissa but different colors we can see, when CME speed is fixed, T D with different CME widths are almost same, meanwhile, when CME width is fixed, T D with different CME speeds are increased. So we suggest from our simulation that T D is dependent on CME speed but not on CME width, which analysis of Kahler (2013) could not pick out. Figure 6 shows plot similar as Figure 5 except that x-coordinate is CME width. The yellow, green, light blue and purple triangles indicate simulations with different CME speeds corresponding to those of Table   1 . The each data point of the yellow line shows a individual simulation with a distinct CME width but a common CME speed 450 km s −1 and source location of N10W48 , and so are the green and bule lines with other source location. Besides, the value of all data points are shown in Table 3 . The red triangles indicate the weighted average of simulations according to the distribution of number of events with different CME speeds for any given CME width interval obtained from the observation data in Kahler (2013) . From simulations of Figure 6 we can see, the yellow, green, light blue and purple lines are almost aclinic, that is to say, for the same CME speed, T D generally keeps constant with different CME width.
However, the red line which combines each individual line connecting data points of common CME speed simulations with weighted average increases, that is to say, for the same CME width, T D increases with the increasing of CME speed. In addition, the weighted average of T D increases with the increasing of CME width. The reason is that with larger CME width it is more likely that CME speed becomes larger, so the weighted average of T D becomes larger consequently.
CONCLUSIONS AND DISCUSSION
Generally, the accurate measurement of the first arriving particles in SEP events depends on the level of SEP flux background, so usually it is difficult to determine the timescales T R, T O, and T O + T R. However, T D, which indicates the duration of the SEP intensity above 0.5I p , has nothing to do with the first arriving particles, so the measurements of T D are relatively accurate. Therefore, we only study the timescale T D,
but do not study T R, T O, or T O + T R.
In this work, we use the SPTC to simulate the transport of SEPs assuming the ICME shock as a moving particle source with parameters obtained from spacecraft observations analysed by Kahler (2013) , and other parameters set as typical values of SEP events. From simulations we get SEP timescale T D and compare with T D values from spacecraft data analysis by Kahler (2013) . From spacecraft observations shown in Kahler (2013) we obtain the contribution of CME speed with the same CME width, and we also obtain that of CME width with the same CME speed. Finally, from simulation results of T D we can obtain the average of T D weighted with the observations contribution.
Our simulations show that with the same CME speed, T D keeps constant with the increasing of CME width, but that the weighted average of T D increases with the increasing of CME width. From spacecraft data analysis in Kahler (2013) it is shown that T D, which is actually weighted average, increases with the increasing of CME width. In addition, our simulations show that with the same CME width, T D increases with the increasing of CME speed, and that the average of T D increases with the increasing of CME width. It is also shown in Kahler (2013) with spacecraft data analysis that the weighted average of T D increases with the increasing of CME speed. Our simulations generally agree with spacecraft observations data analysis of Kahler (2013) that the weighted average of T D increase with both CME speed and width. Furthermore, with our modeling assumptions, our simulations show some results not shown in Kahler (2013) that T D is dependent directly on CME speed, but independent on CME width.
In order to study whether TD increases with CME width or speed by using observation data, one should choose SEP events with same CME speed but different CME width to show if TD increases with CME width, and also one should choose SEP events with same CME width but different CME speed to show if TD increases with CME speed. Kahler (2013) did not do it because of limitation of events number. But simulations do not have this limitation, and that offers us physical insights behind the observations. We compare the weighted average of simulation to the result of Kahler (2013), and we can show the trend of our weighted average generally agrees with the result of Kahler (2013) , so our work do not contradict the observation result of Kahler (2013) . Meanwhile, our individual results can be used to show if TD depends on CME width with same CME speed.
The model we use to calculate flux includes many effects, such as the source, parallel and perpendicular diffusion, adiabatic cooling, etc., the overall effects could be very complicated, so we have to use numerical simulations to get the results. It is possible in some cases TD would decrease. But generally, TD has a trend to increase with the same CME width and increasing CME speed, and TD has a trend to be constant with the same CME speed and increasing CME width. Here, we compare the general trend between observations and simulations.
We choose shock model conditions to favor larger particle injections with increasing speeds and widths in order to compare with observations. There are some parameters arbitrarily chosen and fixed in all simulations, we tried different parameters, for example, we tested simulations with different value of shock strength parameter φ c , such as 10 • , 15
• , 18
• , and 25
• , and we found they would not change our general results. In the future, we would continue to study the parameter effects in our model.
The observational evidences of the first detected SEP onsets or releases associated with the good magnetic connection to source were discussed in Ding et al. (2016) . Besides, Rouillard et al. (2011 Rouillard et al. ( , 2012 suggested that SEP onsets could be considered associated with the modeled first connections of field lines to shocks. On the other hand, showed the onsets from SPTC simulation results can fit well with that from observations of HELIOS 1, HELIOS 2, and I MP 8 at different longitudes simultaneously with perpendicular diffusion. It is interesting to compare the effects of these models carefully in the future.
There are many authors working on numerical simulations to produce SEP profiles from the shock onion shell model (e.g., Verkhoglyadova et al., 2009 Verkhoglyadova et al., , 2010 Wang et al., 2012; Qin et al., 2013) , and they usually study the individual SEPs in detail, in this work, however, we are trying to study many SEPs with simulations so we can compare with observations statistically. CME width data from Kahler (2013) were observed by only one satellite, S OHO, so they are lack of determinacy. In the future, we would study the CME data of multi-spacecraft observations. In addition, we would study peak intensity of gradual SEP events associated with CMEs by comparing the simulations of SPTC with the spacecraft data analysis (e.g., Kahler & Vourlidas, 2013) .
